, which is 14.3 times that of un-etched GOx/TiO 2 NTAs.
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www.rsc.org/dalton 3 and porous structure [28] . In particular, mesoporous TiO 2 is a kind of attractive semiconductor allowing the reduction of various electron acceptors such as viologen, as well as electron transfer with biological molecules such as flavin coenzymes [29, 30] . Bao and co-workers first developed a novel TiO 2 with uniform porous structure via using multi-walled carbon nanotubes as template [31] .
Serge Consier et al. for the first time described the functionalization of a mesoporous TiO 2 film immobilized with glucose oxidase for the amperometric detection of glucose [32] .
In consideration that enzyme molecules contain lots of secondary branched structure, which requires extending room for maintaining its activity [33] . Mesopores on the nanotubes can act as cell to offer the required room. To our knowledge, the introduction of mesopores in TiO 2 NTAs, which is suitable for holding enzymes and accelerating charges transfer, has never been reported for biosensor application.
Here, TiO 2 NTAs with mesoporous structures were obtained by anodization method combined with chemical etching in HF solution. The mesoporous TiO 2 NTAs were immobilized with glucose oxidase (GOx) by physical adsorption and used for glucose determination.
Experimental
Chemicals and instruments
GOx was purchased from Sigma and used as received without further purification. Ethylene glycol (EG), hydrogen peroxide (H 2 O 2 ), glucose, phosphate, ammonium fluoride (NH 4 F), hydrogen fluoride (HF) and other reagents, were analytical reagent grade, and were purchased from Enterprise Group Chemical Reagent Co, LTD. Titanium foils (0.1 mm thickness, 99.6% purity) were purchased from Beijing Cuibolin Non-Ferrous Technology Developing Co. LTD and used as received.
A 0.05 M phosphate buffer solution (pH=7) containing Na 2 HPO 4 and NaH 2 PO 4 was used as supporting electrolyte. The enzyme solution was prepared by dissolving GOx in 0.05 M phosphate buffer solution (PBS) to make a 500 U·mL -1 solution and was kept at 4℃ in the fridge.
Anodization of TiO 2 NTAs was performed in a self-made electrolytic cell with a traditional two-electrode system (DH1722A-3). Morphologies of the as-prepared samples were observed with scanning electron microscope (SEM, SV8020) and high resolution transmission electron microscope (HRTEM, JEM-2100F). X-ray diffraction patterns of the samples were recorded at room temperature with 2θ angle ranging from 10 to 80° (XRD, D/MAX2500V). The existence valence of TiO 2 NTAs was determined by X-ray photoelectron spectrometer (XPS, CALAB250). Cyclic voltammetry and glucose detection were performed by an electrochemical workstation (CHI660D), comprising an 4 Ag/AgCl (3 M KCl) reference electrode, a Pt/Ti wire auxiliary electrode and a Pt disk working electrode fixed with as-prepared samples.
Synthetic procedure
Prior to the anodization, Ti foil was rinsed in ethanol and water with ultrasonic vibration for each 5 min. Ti foil was put into a two-electrode electrolytic cell as the working electrode, and a graphite electrode was used as the counter electrode with the distance of 2 cm. 
Electrochemical test and glucose determination
The electrochemical properties of the as-prepared 
NTAs
(ii) NTAs before and after etching confirms that F -ions originate mainly from the anodization process. However, the severe destructing of the mesoporous TiO 2 -1 NTAs make the film easily broken during the electrochemical test, and TiO 2 -1 NTAs were not used in the further experiments. Fig.4 (ii). These mesopores are almost rectangle with size of above 10 nm with the sides parallel to the (101) plane of anatase TiO 2 as shown in Fig.4 (iii) and (iv). Mesopores are rectangle rather than sphere, which can be attributed to the (101) planes with relative low surface energy to minimize the overall surface energy, which has been confirmed by the fact that natural anantase crystal exposes (101) planes.
There are two kinds of surface species, Ti-OH 2 + and Ti-OH on the surface of TiO 2 nanotubes, when anatase TiO 2 NTAs are put into the deionized water [35] . And the F -ions addition converts surface species from Ti-OH 2 + and Ti-OH to Ti-F. The corresponding surface reactions were considered as follows [36] :
It is apparent that the adsorption of fluoride on TiO 2 replaces the surface hydroxyl groups to Ti-F species, and the chemical etching of anatase TiO 2 NTAs can be attributed to the production of TiF 4 in the hydrothermal condition. For a reversible process, Randles-Sevick Equation is applicable. Therefore, the electrochemical active surface areas of TiO 2 NTAs and mesoporous TiO 2 NTAs can be determined by equation (3) .
Electrochemical performances of mesoporous
Where I p is the peak current, n is the number of electrodes, A is the electrochemical effective surface NTAs electrodes. In addition, the maximum current response for H 2 O 2 oxidation is achieved by TiO 2 -0.5 NTAs, which is consistent with the EIS results in Fig.6 , indicating that the best electron transfer ability induces the highest electrocatalytic efficiency of H 2 O 2 .
CVs of mesoporous GOx/TiO 2 NTAs
GOx was immobilized on TiO 2 and mesoporous TiO 2 NTAs by physical adsorption to achieve glucose biosensor, and defined as GOx/TiO 2 NTAs. In general, biosensor enzymes are immobilized on the sensors by either cross-linking with glutaraldehyde or being protected with a thin layer of Nafion to prevent the enzymes from losing. Here, the nanotubular structure of TiO 2 NTAs and the highly dispersible mesopores in the tube walls provide a suitable structure for immobilization of GOx. The CVs of TiO 2 and mesoporous TiO 2 NTAs before and after being immobilized with GOx in buffer solution in absence and presence of 10 mM glucose are shown in Fig.8 . in Fig.7 .
Glucose determination
To evaluate the sensitivity of as-prepared biosensors based on TiO 2 NTAs and mesoporous TiO 2
NTAs, the typical current responses of the obtained biosensors (GOx/TiO 2 and mesoporous GOx/TiO 2 TNAs) were determined by amperometry. When the background current in buffer solution is steady, the glucose solution with certain concentration is injected into the buffer solution and the The effect of mesopores on the sensitivity enhancement can be seen in the kinetics data on the enzyme reaction. The apparent Michalis-Menen constants, K m , for immobilized GOx can be determined electrochemically by using the modified Linewearer-Burk equation.
Where i max and i ss are the currents measured for enzymatic product detection under conditions of saturation and steady state for given substrate concentration C. A plot of 1/i ss vs 1/C will give a straight line with the slope equal to K m /i max and intercept equal to 1/i max , as shown in Fig.9 The catalytic oxidation of glucose based on the immobilized GOx can be explained as follows:
In other words, chemical reaction of glucose with GOx is the first step of glucose determination, which produces H 2 O 2 in the presence of dissolved oxygen. The enzymatic reaction requires abundant dissolved oxygen and large amount of active enzymes.
In consideration that the scale of mesopores about 10 nm is similar to that of GOx, the extending room is benefit for immobilizing enzymes and maintaining its activity. The active surface available for enzymes immobilizing is enhanced due to the increase of surface area resulting from the mesoporous structure [38] . That is, the mesoporous structure can offer high enzymes loading without serious loss of activity, meeting the requirements of the first step well. Hence, high electrochemical activity to H 2 O 2 oxidation is benefit for the electrodes achieving high current response to glucose. The CVs in Fig.7 have confirmed that mesoporous TiO 2 NTAs possess higher current response to H 2 O 2 , meeting the requirement of the second step of glucose detection.
One thing should be noted is the effects of electrochemical active surface area and electron transfer rate on the electrochemical oxidation of H 2 O 2 . Fig.5 and Fig.6 confirm that mesoporous TiO 2
NTAs possess higher electrochemical active surface area and electron transfer rate than that of un-etched TiO 2 NTAs respectively. However, the highest surface area appears in 
